This paper presents an overview of space mission concepts for disrupting or pulverizing hazardous asteroids, especially with warning time shorter than approximately 10 years. An innovative mission concept, referred to as a nuclear hypervelocity asteroid intercept vehicle (HAIV) system, employs both a kinetic-energy impactor and nuclear explosive devices. A new mission concept of exploiting a multiple kinetic-energy impactor vehicle (MKIV) system that doesn't employ nuclear explosives is proposed in this paper, especially for asteroids smaller than approximately 150 m in diameter. The multiple shock wave interaction effect on disrupting or pulverizing a small asteroid is discussed using hydrodynamic simulation results.
Introduction
Despite the lack of a known immediate impact threat from an asteroid or comet, historical scientific evidence suggests that the potential for a major catastrophe created by an asteroid or comet impacting Earth is very real. Humankind must be prepared to deal with such an event that could otherwise cause a regional or global catastrophe. There is now growing national and international interest in developing a global plan to protect the Earth from a catastrophic impact by a hazardous near-Earth object (NEO). This growing interest was recently spurred by the Chelyabinsk meteorite impact event that occurred in Russia on February 15, 2013 and a near miss by asteroid 367943 Duende (2012 DA14), approximately 40 m in size, on the same day.
A variety of NEO deflection/disruption technologies, including kinetic impactors, gravity tractors, and nuclear explosions, have been investigated by planetary defense researchers during the past two decades [1] [2] [3] [4] [5] [6] [7] . Kinetic impactors and nuclear explosions are the most practically viable technologies for asteroid deflection or disruption, as concluded in the 2010 NRC report [6] .
A so-called "kinetic impactor" mainly utilizes its translational momentum to cause an instantaneous ∆V of the center-of-mass of a target body as a result of its hypervelocity collision with the target body. In fact, such a kinetic impactor is a technically viable option for deflecting a small hazardous asteroid that can be detected with sufficient mission lead time (> 10 years). However, it is probable that the kinetic impactor will cause unintentional fragmentation of a target asteroid because its hypervelocity kinetic energy can be too excessive compared to the gravitational binding energy, as well as the energy required for disruption, of the target asteroid. The term "kinetic impactor" should be distinguished from the term "kinetic-energy impactor (KEI)" that utilizes its hypervelocity kinetic energy for deliberately disrupting or pulverizing a target body.
All of the non-nuclear techniques, which are intended mainly for deflection missions, will require mission lead time much longer than 10 years, even for a small NEO ( 150 m). When the time-to-impact with the Earth bongwie@iastate.edu exceeds a decade, the velocity perturbation needed to alter the orbit of a target asteroid sufficiently to deflect it away from Earth impact is relatively small (approximately 1-2 cm/s). Thus, most non-nuclear options as well as a nuclear standoff explosion can be employed for deflection missions, if any hazardous asteroid can be detected with sufficiently long warning time. However, due to various uncertainties and constraints in asteroid detection and tracking, the warning time or mission lead time can be very short.
An 18 If an asteroid or comet on an Earth-impacting course is detected with a short warning time (< 10 years), the challenge becomes how to mitigate its threat in a timely and reliable manner. For a small asteroid impacting in a sufficiently unpopulated region, mitigation may simply involve evacuation [6] . However, for larger asteroids, or asteroids impacting sufficiently developed regions, the threat may be mitigated by either disrupting the asteroid (i.e., destroying or fragmenting with substantial orbital dispersion), or by altering its trajectory such that it will either avoid impacting the predicted impact location, or miss the Earth entirely. When the timeto-impact with Earth is short, the velocity change required to deflect an asteroid becomes extremely large. Thus, for the most probable mission scenarios, in which the warning time is shorter than 10 years, the use of high-energy nuclear explosives in space may become inevitable [6] . To date, however, there is no consensus on how to reliably and safely mitigate the impact threat of hazardous NEOs with short warning time.
A scenario in which a small Earth-impacting NEO is discovered with short warning time is nowadays considered the most probable scenario because smaller NEOs greatly outnumber larger NEOs, and smaller NEOs are more difficult to detect. Most direct intercept missions with short warning time will result in arrival closing velocities of 10-30 km/s with respect to the target asteroid. A rendezvous mission to a target asteroid that requires such an extremely large arrival ∆V of 10-30 km/s is not feasible. When the warning time is short, disruption (for dispersive pulverization or vaporization) is likely to become the only feasible strategy, as was concluded in the 2010 NRC report [6] . Despite the various uncertainties and concerns about the nuclear disruption approach, nuclear disruption can become an effective strategy if most fragments disperse at speeds in excess of the escape velocity of the asteroid so that a very small fraction of fragments impacts the Earth. Because nuclear energy densities are nearly a million times higher than those possible with chemical bonds, a nuclear explosive device is the most mass-efficient means of storing energy with today's technology. However, in this paper, we propose a new non-nuclear approach as an option that can be employed to disrupt or pulverize asteroids smaller than approximately 150 m in diameter.
This paper will present a brief overview of an HAIV (hypervelocity asteroid intercept vehicle) mission concept of blending a kinetic-energy impactor and a nuclear subsurface explosion, followed by the description of a new non-nuclear MKIV (multiple kinetic-energy impactor vehicle) mission concept for disrupting or pulverizing small asteroids.
Hydrodynamic code simulation results for examining the multiple internal shock wave interaction effect on disrupting or pulverizing a small asteroid will be discussed. The 2D hydrodynamic code model is comprised of a reference 5000-kg MKIV system consisting of a 1000-kg carrier vehicle, four 1000-kg KEIs, and a 2D circular 100-m solid object with a nominal density of 2000 kg/m 3 .
A new multi-impact terminal guidance problem and a planetary defense mission design employing a heavylift launch vehicle will also be briefly discussed. It is emphasized that the nuclear HAIV and non-nuclear
